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By combining in vitro reconstitution biochemistry 
with a cross-linking approach, we have identi- 
fied focal segmental glomerulosclerosis 3/CD2- 
associated protein (FSGS3/CD2AP) as a novel actin 
barbed-end capping protein responsible for actin stabil- 
ity at the adherens junction. FSGS3/CD2AP colocalizes 
with E-cadherin and a-actinin-4 at the apical junction 
in polarized Madin-Darby canine kidney (MDCK) cells. 
Knockdown of FSGS3/CD2AP compromised actin sta- 
bility and decreased actin accumulation at the adherens 
junction. Using a novel apparatus to apply mechanical 



stress to cell-cell junctions, we showed that knockdown 
of FSGS3/CD2AP compromised adhesive strength, re- 
sulting in tearing between cells and disruption of barrier 
function. Our results reveal a novel function of FSGS3/ 
CD2AP and a previously unrecognized role of barbed- 
end capping in junctional actin dynamics. Our study un- 
derscores the complexity of actin regulation at cell-cell 
contacts that involves actin activators, inhibitors, and 
stabilizers to control adhesive strength, epithelial behav- 
ior, and permeability barrier integrity. 



Introduction 

Ttie actin cytoskeleton participates in cell-cell adhesion and 
maintenance of epithelial barrier in many fundamental ways 
(Cavey and Lecuit, 2009; Baum and Georgiou, 2011). Actin 
organizes plasma membrane domains by clustering membrane 
adhesion molecules (Delanoe-Ayari et al., 2004; Sato et al., 
2006). In addition, it provides anchorage of cell-cell adhesion 
molecules to the underlying cytoplasmic actin network (Lambert 
et al., 2002; Kametani and Takeichi, 2007; Cavey et al., 2008). 
Moreover, actin contributes to mechanotransduction at sites 
of cell-cell contacts to strengthen adhesion (Chu et al., 2004; 
Yonemura et al., 2010; Gomez et al., 2011; Leckband et al., 

2011) . Ultimately, the actin cytoskeleton determines the efficacy 
of cell-cell adhesion and the nature of intercellular interactions 
(Nishimura and Takeichi, 2009; Takeichi, 201 1; Shimono et al., 

2012) . Therefore, elucidating the mechanism of actin regulation 
at cell-cell adhesive contacts is fundamental to the understanding 
of epithelial cell behaviors and function. 

Actin could be recruited to the junctions via a capturing 
mechanism where actin-binding proteins located at the junction 
recruit preexisting filaments from the cytoplasm. Alternatively, 
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actin filament could be synthesized de novo via a local nucleation 
reaction at the junctional complex. Previously, we and others 
have shown that monomeric actin adds directly to cell-cell contact 
sites (Vasioukhin et al., 2000; Kovacs et al., 2002; Verma et al., 2004; 
Zhang et al., 2005; Tang and Brieher, 2012). The addition of mono- 
meric actin at the junction requires the activity of the arp2/3 
nucleation-promoting complex, which indicates that actin nucle- 
ation at sites of cell-cell adhesion is the dominant reaction. There- 
fore, actin assembly at cell junctions can be controlled at multiple 
levels, including activation of arp2/3 and actin polymerization. 

Several actin-binding proteins including EPLIN, N-WASP, 
VASP, a-catenin, vinculin, and myosin II had been shown to 
participate in the recruitment and organization of actin at the 
adherens junction (Vasioukhin et al., 2000; Baum and Perrimon, 
2001; Scott et al, 2006; Smutny et al., 2010; Kovacs et al., 201 1). 
However, how actin nucleation is coupled to polymerization, 
assembly, and organization at cell-cell adhesive contacts remains 
largely uncharacterized. In spite of the numerous cellular and 
genetics studies (Nandadasa et al., 2009; Morita et al., 2010; 



© 2013 Tang and Brieher This article is distributed under the terms of an Attribution- 
Noncommercial-Share Alike-No Mirror Sites license for the hrst six months after the pub- 
lication date [see http://www.rupress.org/terms). After six months it is available under a 
Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, 
as described at http://creativecommons.Org/licenses/by-nc-sa/3.0/). 



The Rockefeller University Press $30.00 
J. Cell Biol. Vol. 203 No. 5 815-833 
www.jcb.org/cgi/doi/ 10.1083/jcb.201304143 



JCB B 



Bemadskaya et al., 201 1 ; Johnson et al., 201 1 ; Kovacs et al., 201 1 ; 
Chu et al., 2012), elucidation of molecular mechanisms has been 
difficult due to a lack of a defined biochemical system. We have 
previously developed an in vitro functional assay that reports on 
actin assembly at membrane junctional complexes by combining 
a classic adherens junction preparation (Tsukita and Tsukita, 
1989) with a fluorescent actin signal (Tang and Brieher, 2012). 
The reaction can be performed in the absence of cytosolic factors, 
which indicates that all necessary factors are on the membrane. 
This assay allows identification of molecular components and 
elucidation of mechanisms within a complex biochemical system, 
providing a starting point for reconstitution of actin assembly at 
adhesion complexes under defined conditions. 

Using junction-enriched membranes, we found that focal 
segmental glomerulosclerosis 1 (FSGSl)/a-actinin-4, a protein that 
is mutated in a chronic form of kidney disease focal segmental 
glomerulosclerosis (FSGS), is required for arp2/3-dependent 
actin assembly at the adherens junction (Tang and Brieher, 2012). 
Here, using the same biochemical system, we discovered that 
FSGS3/CD2-associated protein (FSGS3/CD2AP), which is also 
mutated in FSGS, is required for actin stability at the adherens 
junction. Our results highlight the complexity of actin regulation 
at cell-cell adhesion and underscore the importance of in vitro 
biochemical dissection to reveal molecular mechanisms. 

Results 

Identification of two novel junctional 
actin-regulating activities 

We have previously described a population of adherens junc- 
tional complexes that supports actin assembly in an arp2/3- and 
a-actinin-4— dependent fashion (Tang and Brieher, 2012). However, 
FSGSl/a-actinin-4 alone does not facilitate arp2/3-dependent 
actin nucleation under defined conditions, which suggests that 
additional components on the membrane are required. Moreover, 
junctional proteins remained clustered after stripping with high 
salt, which indicates that components of the complex are stably 
associated with each other. Thus, the adherens junction-enriched 
membranes can be further exploited for biochemical reconstitution 
study of actin assembly. 

We empirically tested salt stripping and detergent solubili- 
zation conditions on purified membranes (Fig. 1 , a-c). We found 
that treatment of membranes with 0.1% zwitterionic detergent 
CHAPS or nonionic detergent Triton X-100 (TX-lOO) yielded 
brighter fluorescent actin puncta upon addition of fluorescently 
labeled monomeric actin (Fig. 1, a and d). These results showed 
that actin assembly is enhanced rather than diminished after de- 
tergent treatments. In addition, the size of the junctional actin 
puncta also appeared larger. One possibility is that the native 
membrane contains endogenous inhibitory factors that can limit 
the amount of actin assembly at the adherens junction. Because 
detergents can solubilize both lipids and peripherally associated 
membrane proteins, the endogenous inhibitors can either be lipids 
or proteins. To distinguish between these possibilities, we treated 
the membranes with high salt, which preferentially disrupts pro- 
tein-protein interactions rather than solubilizing lipids. Because 
high salt also removes a-actinin-4, which is an essential factor 



for the actin assembly reaction, we supplemented the stripped 
membrane assay with recombinant a-actinin-4. We found that 
high salt-treated membrane produced brighter actin puncta than 
native membranes supplemented with the same amount of recom- 
binant a-actinin-4 (Fig. 1, c and e). These results suggest that high 
salt also removed inhibitory factors from the native membranes. 
Therefore, a peripherally associated protein is normally present on 
membranes to limit the amount and extent of actin assembly at 
the adherens junctional complexes. 

Further perturbation of native membranes with sequential 
high salt and 0.5% CHAPS resulted in a dramatic decrease in 
actin incorporation at junctional puncta (Fig. 1, b and f). The re- 
duction in actin incorporation is not solely due to solubilization 
of a-actinin-4, as the addition of excess recombinant a-actinin-4 
failed to rescue the reaction. However, the number and density of 
actin puncta remained unchanged (Fig. 1 b, Actin-rescaled), which 
suggests that the membrane complexes remained largely intact. 

The adherens junctional complexes 
are large, heterogeneous, and 
detergent insoluble 

Our previous attempts to purify the membrane junctional com- 
plexes using conventional immunoprecipitation techniques had 
failed. Therefore, we characterized these complexes further to help 
guide the development of purification methods for the identifi- 
cation of its components. Immunogold labeling of MDCK cell 
plasma membranes showed that a-actinin-4 is present in clusters 
that span 100-200 nm in diameter at the region of actin assembly 
(Fig. 2 a). Immunofluorescence staining of TX-lOO-extracted 
polarized MDCK cells showed that a-actinin-4, p-catenin, and 
actin remained localized to the adherens junction (Fig. 2 b, white 
arrowheads). Although E-cadherin was partially solubilized, 
most a-actinin-4 was TX-lOO insoluble (Fig. 2 c). These results 
could explain why our attempts to purify the complexes using 
conventional immunoprecipitation techniques had failed, which 
was due to the insolubilities of these large junctional complexes 
under conventional immunoprecipitation conditions. 

To assess if we could purify the complexes based on size, 
we examined membranes treated with TX-lOO or CHAPS using 
negative- stain electron microscopy. We found that the complexes 
are highly heterogeneous in dimension and as large as 200 nm in 
size even after extraction with 0.2% TX-lOO or 0.5% CHAPS 
detergents (Fig. 2, d and e). These large detergent-insoluble 
complexes can assemble actin filaments when incubated with 
monomeric actin, which indicates that they are functionally intact. 
Immunogold labeling of TX-lOO-extracted membrane fragments 
confirmed that a-actinin-4 is present in complexes that are hetero- 
geneous in shape and sizes of 100-200 nm in diameter (Fig. 2 f). Be- 
cause of their heterogeneity, purification of junctional complexes by 
conventional size-exclusion chromatography is not suitable. 

Characterization and identification of 
membrane junctional complexes by a 
target-based cross-linking approach 

Based on the dimensions visualized using electron microscopy, we 
conservatively estimated the junctional complexes of 100 nm to 
consist of at least 10-15 proteins calculated from the sizes of actin 
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Figure 1 . Identification of two octin-reguloting activities at the adherens junctional complex, (a-c) Flow chart represents the overall scherre for biochemical 
analysis of actin-regulating factors on junction-enriched membranes, (a) Identification of a detergent extroctable infiibitory factor on native membranes. 
Addition of Alexa Fluor 647-labeled monomeric actin to native membranes results in actin assembly associated v/ith the junctional complexes (white arrowheads). 
Treatment of native membranes with zwitterionic detergent CHAPS or nonionic detergent TX-1 00 yielded brighter actin puncto (orange and red arrowheads, 
respectively), (bj Identification of a high-salt/detergent extroctable activating factor on native membranes. Treatment of native membranes with high salt 
followed by CHAPS diminished actin incorporation at membrane puncto (blue arrowheads). Rescoling of the original image shows the presence of very 
dim fluorescent actin puncta (yellow arrowheads), (c) Identification of a high-salt extroctable inhibitory factor on native membranes. Treatment of native 
membranes with high salt increased actin incorporation at membrane puncta (green arrowheads) when compared with native membranes (purple arrow- 
heads) supplemented with a-actinin-4. (d) Quantitation of actin incorporation at junctional puncta in untreated native membranes and membranes treated 
with detergents CHAP (P < 0.0001) or TX-1 00 (P < 0.0001). (e) Quantitation of actin incorporation at junctional puncta in untreated native membranes 
and membranes treated with high salt (P < 0.0001). (f) Quantitation of actin incorporation at junctional puncta in high salt-treated or sequentially high 
salt- and CHAPS-treated membranes supplemented with a-actinin-4 (P < 0.0001). 



at 4 X 5 nm (Aebi et al., 1981) and a-actinin dimer at 7 x 40 nm 
(Bennett et al., 1984). We reason that this macromolecular junc- 
tional complex consists of membrane adhesion receptors such 
as E-cadherin, peripherally associated proteins such as catenins, 
and actin regulatory proteins such as arp2/3 and a-actinin-4. We 
hypothesized that actin regulatory proteins would be in close 
proximity to a-actinin-4. Therefore, we designed a cross-linking 
approach that specifically targets a-actinin-4 binding partners 
and/or actin-regulating components at the membrane by taking 
advantage of the biochemical reconstitution system, where 
a-actinin-4 can be stripped and rebind back to membrane junc- 
tional complexes (Fig. 2 g). 

We identified seven proteins and confirmed the presence 
of four proteins — CD2AP, radixin, vinculin, and EVL — on native 
membranes (Fig. SI). CD2AP and radixin are susceptible to high 
salt and detergent extraction, and thus are candidates for the 



inhibitory activity. Vinculin and EVL are mildly resistant to high 
salt extraction, and thus are candidates for the activating activity. 

EVL and CDSAP regulate a-act:inin-4- 
dependent: actin dynamics at the membrane 
junctional complex 

Using the membrane reconstitution assay, we confirmed that 
EVL and CD2AP are the activating and inhibitory activities for 
actin assembly at the junctional complexes (Fig. 3, a-e). Addition 
of EVL and a-actinin-4 to high salt/CHAPS-treated membranes 
restored actin puncta formation at junctional complexes (Fig. 3, 
a and b). However, EVL alone has no effect, which indicates 
that both EVL and a-actinin-4 are necessary in the same actin 
assembly reaction. Conversely, addition of CD2AP to high 
salt-treated membranes suppresses actin assembly even in the 
presence of a-actinin-4 (Fig. 3, c and d). However, incubation 
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Figure 2. Purification and identification of junction-associated octin-regulatory factor complexes using a target bait-based, cross-linking approach. 

(a) Negative staining of MDCK membranes showing 6 nm immunogold labeling for a-actinin-4 (blue arrowheads) at sites of actin incorporation (red circle) and 
filament association (yellow arrowheads), (b) Immunofluorescence staining of TX-1 00 extracted MDCK cells for p-catenin, a-actinin-4, and actin (phalloidin) 
showing colocalization at junctional puncta (white arrowheads). A subset of (J-catenin staining has no a-actinin-4 or actin (yellow arrowheads), (c) Western 
blots of MDCK cell extracts for E-cadherin and a-actinin-4 showing resistance to detergent extraction by TX-1 00. (d) Negative staining of TX- 1 00-treated 
membranes showing actin filament (red arrowhead) associated with macromolecular complexes (blue arrowhead), (e) Negative staining of CfHAPS-treated 
membranes showing actin filament (red arrowhead) associated with macromolecular complexes (blue arrowhead), (f) Negative staining of TX-1 00-resistant 
junctional complex (yellow outlines) showing 6 nm immunogold labeling for a-actinin-4 (yellow arrowheads), (g) Addition of cross-linker-derivatized recombinant 
a-actinin-4 to high salt stripped membranes results in targeting of a-actinin-4 to a membrane junctional complex that supports actin assembly. Activation 
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Figure 3. Identification of CD2AP and EVL as the actin-reguloHng activities at the adherens junctional complex, (a) Biochemical reconstitution of actin 
assembly on high salt/CHAPS-treated membranes with a-actinin-4 and EVL. (b) Quantitation of actin puncta showing recovery of actin assembly on high 
salt/CHAPStreated membranes (LPHSCh) supplemented with a-actinin-4 and EVL (P < 0.0001) but not with a-actinin-4 or EVL alone, (c) Biochemical reconstitution 
of actin assembly on high salt-treated membranes with a-actinin-4 alone or together with CD2AP (d) Quantitation of actin puncta showing inhibition of 
actin assembly by CD2AP (P < 0.0001). (e) F-actin spin-down assay showing cosedimentation of a-actinin-4 and CD2AP with F-actin. (f) CD2AP did not 
interfere with a-actinin-4 recruitment to the membrane junctional complex. High salt-stripped membranes were incubated with rhodamine-labeled a-actinin-4 
in the absence or presence of 1 (jM CD2AP. (g) Actin depolymerization assay by dilution of membrane junctional actin puncta into buffer in the presence 
or absence of the severing protein cohlin. 



of a cross-linker functional group by UV results in covalent attachment of a-actinin-4 to proteins in close proximity. Non-cross-linked proteins are removed 
by detergent solubilization. Identification of CD2AP, EVL, radixin, and vinculin by mass spectroscopy of gel bands from cleaved a-actinin-4 cross-linked 
complexes is shown. Coomassie blue staining of SDS-PAGE gel shows purification steps (lanes 1-4). 
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Figure 4. CD2AP inhibits actin polymerization and depolymerization by capping actin barbed ends, (a] Pyrene-actin spectroscopy assay showing a 
dose-dependent decrease in spontaneous actin polymerization rate by CD2AP. Pyrene fluorescence was measured at 30-s intervals to obtain the trace. A 
representative trace from four experiments is shown, (b) Two-color actin single filament imaging showing addition of rhodamine-labeled (red) monomeric 
actin to preformed rhodamine green-labeled (green) actin filaments, (c) Two-color actin single filament imaging showing inhibition of red actin addition by 
preincubating green actin filaments with CD2AP (d) Two-color actin single filament imaging showing addition of red actin after preincubating green actin 
filaments with the C-terminal half of CD2AP (e) Two-color actin filament imaging of limulus parallel actin bundles showing inhibition of red actin addition to the 
fast-growing barbed ends by preincubating green actin filaments with CD2AP. (f) Pyrene-actin spectroscopy assay in the presence of monomer sequestration 
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of stripped membranes with CD2AP failed to block recruitment 
of fluorescently labeled a-actinin-4 to junctional complexes 
(Fig. 3 e). CD2AP also did not inhibit a-actinin-4 from binding 
to F-actin in a cosedimentation assay (Fig. 3 f). Therefore, 
the suppression of actin assembly by CD2AP is unlikely to be 
caused by an interruption of a-actinin-4 function but rather by a 
direct modulation of actin dynamics. We found that upon actin 
assembly at the membrane, junctional actin puncta became very 
stable and would only slowly depolymerize upon dilution into 
buffer (Fig. 4 g). However, actin puncta could be completely 
disassembled by filament severing with cofilin. These observa- 
tions are consistent with our findings that native membranes 
contain factors that can regulate actin filament dynamics at the 
junctional complex. 

CDSAP inhibits barbed-end dynamics of 
actin filaments 

To test whether CD2AP can directly regulate actin dynamics, 
we measured fluorescence dequenching of pyrene-actin in the 
presence of CD2AP (Fig. 4 a). We found that CD2AP greatly 
retards the rate of actin polymerization. CD2AP could inhibit 
actin polymerization by either binding to actin monomers or 
capping filament ends. To directly assess the role of CD2AP on 
actin filament dynamics, we imaged single filaments in perfusion 
chambers (Fig. 4, b-e). Perfusion chambers allow buffer exchange, 
and CD2AP can be washed out after incubation with actin fila- 
ments in the chamber, eliminating the possibility of monomer 
sequestration in subsequent reactions. We assessed filament 
growth by imaging the addition of rhodamine-labeled (red) mono- 
meric actin to preformed rhodamine green-labeled single fila- 
ments (Fig. 4, b-d). In the absence of CD2AP, red actin would 
add to ends of green filaments (Fig. 4 b). However, preincuba- 
tion of green filaments with CD2AP completely blocked the 
addition of red actin (Fig. 4 c). The capping activity of CD2AP 
requires full-length CD2AP because a truncation form of CD2AP, 
C-CD2AP, which retains its F-actin binding activity (Gaidos 
et al., 2007), failed to inhibit red actin addition (Fig. 4 d). To assess 
if CD2AP blocks the fast-growing barbed ends of actin filaments, 
we performed sequential two-color actin polymerization using 
limulus bundles as seeds. Limulus bundles consist of parallel 
actin filaments with all barbed ends of actin filaments pointing 
at the fast-growing end of the bundle. By marking the barbed 
ends with green actin, we found that preincubation with CD2AP 
completely blocked barbed-end addition of red actin (Fig. 4 e). 

Capping actin barbed ends would affect both actin poly- 
merization and depolymerization. To further characterize the mo- 
lecular function of CD2AP, we measured depolymerization of 
actin filaments in the presence or absence of CD2AP. Depoly- 
merization of actin filaments is studied by dilution of the mono- 
mer pool to below the critical concentration of actin either via 
addition of monomer sequestration protein vitamin D-binding 
protein (Fig. 4 f) or by dilution into buffer (Fig. 4, g and h). We 



found that CD2AP completely blocked depolymerization of 
pyrene-actin filaments in the presence of vitamin D-binding 
protein (Fig. 4 f). To assess actin filament dynamics, we performed 
single filament imaging and showed that preincubation of actin 
filaments with CD2AP completely blocked dilution-induced 
shrinking from an end (Fig. 4, g and h). These results showed 
that CD2AP is a novel capping protein that can effectively shut 
down fast actin dynamics at filament barbed ends. 

CDSAP colocalizes with a stable 
pool of actin and a-actinin-4 at the 
adherens junction 

Barbed-end capping is a potential way to regulate actin assembly 
and disassembly at the adherens junction, which could have an 
important impact in the overall behaviors of intercellular inter- 
actions. We found that CD2AP is locahzed to the adherens junction 
along with E-cadherin in polarized MDCK cells (Fig. 5). Incuba- 
tion of MDCK cells without calcium for 3 h results in diffuse cy- 
toplasmic localization of CD2AP that is distinct from E-cadherin 
localization. Upon replenishment of calcium, CD2AP and E- 
cadherin reappeared at nascent cell-cell contacts within 30 min. 
By 1 h, most cells reformed cell-cell contacts containing E- 
cadherin and CD2AP 

Using deconvolution microscopy, we showed that CD2AP 
is localized to discreet puncta along the adherens junction with 
actin and E-cadherin (Fig. 6 a). CD2AP is specifically colocalized 
to the apical (Fig. 6 b, 0-0.4 pm, yellow arrowheads) but not the 
lateral membrane (Fig. 6 b, 0.6-0.8 |im, purple arrowheads). 
Apical CD2AP puncta sometimes colocalized with a-actinin-4, 
E-cadherin, and actin (Fig. 6 c, yellow arrowheads). But puncta 
without a-actinin-4 or CD2AP are also present at the level 
of adherens junction (Fig. 6 c, purple and white arrowheads). 
These results are consistent with our electron microscopy data, 
which show that junctional complexes are highly heterogeneous. 
Previously, we and others have described a stable pool of actin 
at the adherens junction that is resistant to depolymerization by 
monomer sequestration with latmnculin (Fig. S2; Cavey et al., 
2008; Tang and Brieher, 2012). Here, we found that CD2AP 
colocalized with a-actinin-4 and E-cadherin at latrunculin- 
resistant apical actin puncta (Fig. 6 d, yellow arrowheads). 
These observations suggest that CD2AP may have a role in sta- 
bilizing actin filaments at the adherens junction. 

COSAP knockdown decreases actin 
accumulation at the adherens junction 

Knockdown of CD2AP (Fig. 7 a, asterisks) reduced filamentous 
actin without affecting the overall level of E-cadherin at the ad- 
herens junction (Fig. 7 a, arrowheads). Western blots showed 
no significant changes in a-actinin-4, E-cadherin, actin, vinculin, 
a-catenin, and ZO-2 levels in CD2AP knockdown cell lines 
(Fig. 7 b and Fig. S3). We compared junctional intensity of 
E-cadherin, CD2AP, and F-actin in single deconvoluted optical 



protein, vitamin D-binding protein (VDBP), showing suppression of actin depolymerization by CD2AP. Pyrene fluorescence was measured at 30-s intervals 
to obtain tfie trace. A representative trace from two experiments is sfiown. (g) Single filament imaging sfiowing actin depolymerization upon dilution into 
buffer, (h) Single filament imaging showing inhibition of actin depolymerization by preincuboting filaments with CD2AP 
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Figure 5. CD2AP is targeted to the adherens 
junction along with E-codherln after a calcium- 
switch assay. Incubation of MDCK cells without 
calcium for 3 h results in diffuse cytoplasmic 
localization of CD2AP that is distinct from 
E-cadherin localization. Upon replenishment 
of calcium, CD2AP and E-cadherin appeared 
at nascent cell-cell contacts within 30 min. 
By 1 h, most cells reformed cell-cell contacts 
with E-cadherin and CD2AP localization at 
the junction. 



CD2AP 



E-cadherin 



Merge 




images (Fig. 7 c) and found a moderate correlation between E- 
cadherin and CD2AP levels (Fig. 7 d, red line), which was 
lost in CD2AP knockdown cells (Fig. 7 d, blue line). CD2AP 
levels correlated strongly with F-actin levels at the junction 
in both normal and knockdown cells (Fig. 7 e, red and blue 
lines). Surprisingly, E-cadherin levels did not correlate with 
F-actin accumulation, regardless of whether the cells were 
expressing normal or knockdown levels of CD2AP (Fig. 7 f, 
red and blue lines), which suggests that E-cadherin might 
have a more permissive role rather than an instructive role. To 
examine whether knockdown of CD2AP compromises actin 
stability, we depolymerized cellular actin by treating cells 
with latrunculin. We found a substantial reduction of latrun- 
culin-resistant junctional puncta in CD2AP knockdown cells 
(Fig. 7, g and h). These results showed that CD2AP plays an 
essential role in actin stabilization and accumulation at the 
adherens junction. 



COSAP knockdown compromises 
intercellular adhesive s1:rengt:h and 
epithelial barrier function 

CD2AP knockdown cells spontaneously detach from their 
neighbors in growing monolayers, resulting in holes (Fig. 8 a, 
asterisks) and tearing between cells (Fig. 8, b and c). We hypoth- 
esized that CD2AP-dependent actin accumulation is essential for 
stability of cell-cell adhesion. However, we did not observe any 
holes or tearing between CD2AP knockdown cells after they 
formed polarized monolayers. 

To directly assess the integrity of cell monolayers, we 
measured the permeability of cell monolayer to extracellular 
tracer BSA. We found that CD2AP knockdown did not com- 
promised the barrier function of the monolayer (Fig. 8 d). In 
addition, localization of the tight junction protein, occludin 
(Furuse et al., 1993; Wong and Gumbiner, 1997), was un- 
changed (Fig. 8 e). 
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Figure 6. CD2AP localizes to discreet junctional puncta in polarized MDCK cells, (a) Single deconvolved optical section showing colocolizction of CD2AP 
with E-cadherin and actin (phalloidin). (b) Single deconvolved optical z sections scanning from the apical (0 pm) to lateral (0.8 pm) junction. Yellow ar- 
rowheads point to colocolization of CD2AP puncta with E-cadherin and actin. Purple arrowheads point to colocalizotion of CD2AP puncta with E-cadherin 
in the absence of actin. White arrowheads point to puncta with E-cadherin alone, (c) Single deconvolved optical section showing colocalizotion of CD2AP 
with a-actinin-4, E-cadherin, and actin (yellow arrowheads). A subset of E-cadherin puncta has a-actinin-4 and actin without CD2AP (white arrowheads), 
whereas another subset of E-cadherin puncta has CD2AP and actin without a-actinin-4 (purple arrowheads). There is also a population of CD2AP not asso- 
ciating with a-actinin-4, E-cadherin, or actin (orange arrowhead), (d) Single deconvolved optical section showing colocolization of CD2AP with E-cadherin 
at lotrunculin-resistont actin clusters (yellow arrowheads). 



We hypothesized that reduction of junctional actin could 
compromise cell-cell adhesive strength rather than formation of 
intercellular junctions. To directly test our hypothesis, we assessed 
the strength of cell-cell cohesion by testing the ability of cells 
to resist external mechanical stress and preserve epithelial 
permeability barrier (Fig. 8 e). 

Until now, there is no cell culture model to study the caus- 
ative role of mechanical stress in the disruption of cell-cell 



adhesion and permeability barriers. Therefore, we designed and 
built a new apparatus that can generate perpendicular hydraulic 
pressure to study the strength of cell-cell adhesion (Fig. 8, f-i). 
To measure the ability of cell monolayer to withstand mechanical 
stress, hydraulic pressure was applied to cell monolayers grown 
on Transwell filters mounted onto a sealed fluid-filled basal 
chamber. The hydrostatic pressure in the basal chamber was 
monitored continuously using a pressure gauge during pressure 



CD2AP regulates junctional actin at thie adhierens junction • Tang and Briehier B23 



ShCD2AP 



E-cadherin 



CD2AP 











^^^^^^^^^^^^^^ 






Phalloidin 



* * 

* V * 

* 



Correlation between E-cadherin & CD2AP 

O MDCK-Parental • MDCK-ShCD2AP 



Correlation between CD2AP & Actin 

A MDCK-Parental A MDCK-ShCD2AP 



f 



2000 



< 



■« 1500 



tii 1000 

o 

w 



Q 
O 



500 




R= 0.13639 



0 

1000 



, 3000 



3 

< 



2000 



c 1000 




A R= 0.6665 



R= 0.3821 



No correlation between E-cadherin & Actin 

O MDCK-Parental ♦ MDCK-ShCD2AP 

„ 3000 

zi 
< 



.E 2000 - 



= 1000- 



R= 0.1784 




R= 0.06458 



1500 2000 2500 3000 
E-Cadherin {fluorescence Intensity A.U.) 



LatB 
2 urn 
Apical 
Z-stack 



LatB 
2 um 
Apical 
Z-stack 



MDCK-Parental 


\ 1 E-cadherin 

yfh 

■ .*'J V V 


Phalloidin 


\ , Merge 

.,4 


MDCK-shCD2AP 


1 E-cadherin ' < 

f \iJy\ 
-/j "^^^^ 


Phalloidin 


Merge 
< v/. 









0 500 1000 1500 2000 

CD2AP (fluorescence Intensity A.U.) 

h 



0 

1000 



1500 2000 2500 3000 
E-Cadherin (fluorescence Intensity A.U.) 



CD2AP is required for actin stabilization 
at the adherens junction 

2 



e. 1.5- 



nj is 

■M c 



CO 0.5- 




Parental 



shCD2AP 



Figure 7. CD2AP is required for actin stability at the adherens junction of polarized MDCK epithelial cells, (a) Projection of 40 deconvolved optical 
z slices spanning the apical 8 pm of cells showing decreased actin accumulation (yellow arrowheads) at cell-cell contacts in CD2AP knockdown cells (white 
asterisks) stained for E-cadherin, CD2AP, actin (phalloidin), and DNA (DAPI). (b) Western blots of total cell extracts showing normal levels of E-cadherin, 
a-actinin-4, and actin in stable CD2AP knockdown cell lines, ShCD2APl and ShCD2AP2. Molecular weight markers are 150 kD for CD2AP, a-actinin-4, 
and E-cadherin blots and 50 kD for the actin blot, (c) Single deconvolved optical z slice at the apical region of cells showing knockdown of CD2AP (white 
arrowheads and outlines) within a monolayer of cells expressing normal levels of CD2AP (yellow arrowheads and outlines), (d) Quantitation of junctional 
staining of E-cadherin and CD2AP showing a correlation between CD2AP levels and E-cadherin levels in parental but not CD2AP knockdown cells. R is the 
correlation coefficient. Representative data from four separate experiments are shown, (e) Quantitation of junctional staining of CD2AP and actin (phalloidin) 
showing a correlation between CD2AP levels and actin levels in both parental and CD2AP knockdown MDCK cells. Representative data from four separate 
experiments (n = 4) are shown, (f) Quantitation of junctional staining of E-cadherin and actin (phalloidin) showing a lack of correlation between E-cadherin 
levels and actin levels in both parental and CD2AP knockdown MDCK cells. Representative data from four separate experiments (n = 4) are shown, 
(g) Projection of 1 0 deconvolved optical z slices spanning the apical 2 fjm of cells showing decreased actin levels at latrunculin-resistant puncta in CD2AP 
knockdown cells, (h) Quantitation of actin levels at latrunculin-resistant puncta in parental and CD2AP knockdown cells (P < 0.0001 ). Representative data 
from four separate experiments (n = 4) are shown. 



treatment. Cells were subjected to physiological (0-15 mmHg) 
and pathological (15-35 mmHg) tissue pressures (Kinoshita 
and Knox, 1989; Shiotsu et al., 1995). The ability of the cell 



monolayer to withstand mechanical stress and preserve epithe- 
lial barrier function was monitored by the permeability of the 
cell monolayer. 
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Using the pressure chamber, we found that mechanical 
load caused a dose-dependent increase in MDCK monolayer 
permeability to extracellular tracers (Fig. 8 j). Comparison of 
parental and CD2AP knockdown cells showed a dramatic differ- 
ence in their response to mechanical stress (Fig. 8 k). At low hy- 
drostatic pressure, CD2AP knockdown cells behaved similar to 
parental cells. However, at higher hydrostatic pressure, CD2AP 
knockdown cells became substantially leakier to all three extra- 
cellular tracers, with molecular mass ranging from 4 to 70 kD 
(Fig. 8 1). In addition, mechanical stress also induced tearing, 
resulting in holes within the CD2AP knockdown cell monolayer 
(Fig. 8, m and n). These results showed that strengthening of 
cell-cell adhesion and generation of epithelial resilience to me- 
chanical stress requires actin accumulation and stabilization of 
the adherens junction supported by CD2AP. 

CDSAP knockdown compromises junction 
maturation and increases cell motility 

Maturation and strengthening of cell-cell adhesion in epithelial 
cells has important physiological implications, including sup- 
pression of cell motility (Takai et al., 2008; Mayor and Carmona- 
Fontaine, 2010; Etienne-Marmeville, 2012). In subconfluent cul- 
ture, MDCK cells were relatively stationary, whereas CD2AP 
knockdown cells would move into free space (Fig. 9 a). How- 
ever, MDCK cells can be induced to migrate when wounded. To 
assess the role of CD2AP in wound-induced migration, we mea- 
sured wound edge progression in MDCK monolayers (Fig. 9 b). 
We found that the rate of wound invasion depends on the age of 
the confluent monolayer, which suggests that the MDCK mono- 
layer matures over time (Fig. 9, c and d). Knockdown of CD2AP 
prevented this maturation process, and the rate of wound inva- 
sion did not slow down over time (Fig. 9, d and f). Conversely, 
overexpression of exogenous CD2AP accelerated junction 
maturation and suppressed wound-induced migration (Fig. 9, 
e and h). Examination of the monolayer wound edge showed 
a correlation between the cell migration rate and the formation 
of protrusive structures (Fig. 9 g, white arrowheads). These results 
indicate that actin accumulation supported by CD2AP directly 
participates in maturation and stabilization of the adherens junc- 
tions, contributing to the overall behaviors of epithelial cells. 

□iscussion 

Dissecting the molecular mechanism of actin regulation at the 
cell-cell adhesive junction is fundamental to the understanding 
of intercellular interactions. We have developed a novel target- 
based, two-step cross-linking approach to identify junctional 
components associated with a-actinin-4-dependent actin as- 
sembly. Using this approach, we discovered two new opposing 
activities that regulate actin dynamics at the adherens junction; 
an activating activity by EVL and a capping activity by FSGS3/ 
CD2AP. Furthermore, we have designed and built a new appa- 
ratus that can apply tangential mechanical stress to a cell-cell 
junction to study how actin regulation contributes to epithelial 
integrity and cohesion. 

We showed that EVL is required for actin assembly at adher- 
ens junctional complexes in an arp2/3- and a-actinin-4-dependent 



manner. EVL belongs to the Ena/VASP family of actin elonga- 
tion factors (Dominguez, 2009), which play roles in actin ac- 
cumulation (Baum and Perrimon, 2001) and organization at 
cadherin-adhesive contacts (Vasioukhin et al., 2000; Scott et al., 
2006). However, EVL and a-actinin-4 do not directly stimulate 
arp2/3 nucleation. Therefore, additional unknown factors at the 
membrane junctional complexes are required for actin assembly. 
Recently, knockdown of WAVE2, an arp2/3 activator that local- 
izes to the adherens junction, has been shown to decrease actin 
polymerization and reduce actin accumulation at the adherens 
junction (Verma et al., 2012). Because WAVE can activate 
arp2/3 in pure solution (Chen et al., 2010), it could be involved 
in actin assembly in our reconstituted system. Future experiments 
to directly address the involvement of auxiliary factors in actin 
assembly will provide deeper understanding of actin nucleation 
and elongation at membrane junctional complexes. 

Our findings reveal a new function for CD2AP in actin 
barbed-end capping, which inhibits both actin polymerization 
and depolymerization. CD2AP was originally identified as mes- 
enchyme-to-epithelium transition protein with SH3 domains 1 
(METS-1) in a screen for RNA transcripts that are up-regulated 
during mesenchyme-to-epithelium transition (Jansson et al., 1997; 
Lehtonen et al., 2000). CD2AP has been shown to organize the 
actin cytoskeleton at immunological synapses (Dustin et al., 
1998) and podocyte slit diaphragms (Yaddanapudi et al., 201 1; 
Zhao et al., 2013). However, the mechanism by which CD2AP 
regulates membrane actin dynamics is unknown. Previous ex- 
periments demonstrated that a peptide from the C terminus of 
CD2AP would uncap the barbed-end capping protein CapZ from 
filament ends to allow actin polymerization (Bruck et al., 2006; 
Hernandez- Valladares et al., 2010). However, we found that the 
C-terminal half of CD2AP, which contains the CapZ unbinding 
peptide sequence, was unable to block barbed-end dynamics. 
In addition, molecular genetic studies showed that a 4% trunca- 
tion from the C terminus of CD2AP protein was able to cause 
FSGS (Lowik et al., 2007). Thus, the physiological function of 
CD2AP appears to require full-length CD2AP. Nevertheless, 
CD2AP could also be regulated in vivo to perform additional 
functions including uncapping CapZ to allow filament elonga- 
tion (Bruck et al., 2006; Hernandez- Valladares et al., 2010). 

Despite an almost complete inhibition of barbed-end dy- 
namics in pyrene and single filament assays in vitro, endogenous 
CD2AP did not completely block actin assembly on purified 
native membranes. Preincubation of stripped membranes with 
excess CD2AP only resulted in a modest decrease in actin assem- 
bly. It is possible that CD2AP, when tethered to the membrane, 
is not in the proximity of actin barbed ends. Another possibility 
is that actin barbed ends are protected during polymerization by 
the large membrane junctional complex. In addition, other actin 
regulators such as the capping protein CapZ can modulate actin 
dynamics on the membrane (Cooper and Sept, 2008). Although 
CD2AP is expressed at a significantly higher level than CapZ in 
MDCK cells (Fig. S4), CD2AP and CapZ could have overlap- 
ping and distinct roles in regulating actin barbed-end dynamics. 
A future direction for research will be to understand the role 
of different actin regulators, including barbed-end binding pro- 
teins such as CapZ and pointed-end binding proteins such as 
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Figure 8. CD2AP is required for the epithelial monolayer to withstand mechanical stress, (a) Projection of 70 deconvolved optical z slices of the entire 
14-fjm height of polarized MDCK cells showing a missing cell (v/hite asterisks) within a cell monolayer tronsfected with CD2AP shRNA. (b) Phase-contrast 
microscopy showing a cell in mitosis (chromosome condensation, blue arrowheads) detaching from neighboring cells (red arrowheads) within a monolayer 
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tropomodulin (Yamashiro et al., 2012), in actin dynamics at tlie 
adherens junction. 

Altliough both FSGSl/a-actinin-4 and FSGS3/CD2AP 
knockdown decreased actin accumulation at the adherens junction, 
their mechanisms of action are entirely different. Knockdown 
of FSGSl/a-actinin-4 disrupted actin assembly without affect- 
ing junctional actin stability (Tang and Brieher, 2012). However, 
knockdown of FSGS3/CD2AP substantially compromised actin 
stability. Therefore, actin accumulation at the adherens junction 
can be a consequence of either actin assembly or filament stabiliza- 
tion. Our study highlights the importance of molecular dissection 
and biochemical characterization to complement cellular and 
animal studies and in the interpretation of cellular phenotypes 
and disease states. 

We showed that CD2AP is not required for the formation 
of epithelial intercellular junctions. Knockdown of CD2AP did 
not affect the levels or localization of junctional components. 
In addition, CD2AP knockdown did not compromise the per- 
meability barrier function of polarized MDCK cell monolayer. 
Previous studies found that CD2AP depletion perturbed the 
reformation of transepithelial resistance in a calcium switch 
assay, which suggests that CD2AP may be involved in junction 
dynamics (Maun et al., 1996). However, CD2AP is not neces- 
sary for the maintenance of cell junctions upon polarization of 
the epithelial monolayer. In agreement with our findings, ho- 
mozygous and heterozygous CD2AP knockout mice show no 
gross morphological defects at birth, which indicates that the 
formation of cell junctions and development of epithelial polar- 
ity is normal in the absence of CD2AP (Shih et al., 1999; Huber 
et al., 2006). In this study, we found that CD2AP is targeted along 
with E-cadherin to nascent junctions after calcium switch. Our 
preliminary experiments indicate that the actin-binding domain 
of CD2AP alone is not sufficient for targeting to cell-cell junc- 
tions (Fig. S5). A goal for future research will be to understand 
how CD2AP is recruited to junctions and whether targeting to 
the adherens junction requires known interacting proteins such 
as cortactin (Lynch et al., 2003) and Rac (van Duijn et al., 2010) 
or novel binding partners. 

Despite having normal permeability barrier function, CD2 AP 
knockdown cells would become very leaky when challenged 
with physiological hydraulic pressures similar to fluid filtration 
pressures in the kidney (Kinoshita and Knox, 1989; Shiotsu 
et al., 1995). These observations are consistent with the findings 
that CD2AP knockout mice eventually develop proteinuria due 
to loss of glomerular filtration barrier (Shih et al., 1999; Kim 



et al., 2003; Huber et al., 2006). Therefore, stabilization of actin 
at the adherens junction by CD2AP plays an important role in 
epithelial cohesion and cell-cell adhesive strengthening to with- 
stand normal mechanical stress. Our data provide a plausible 
molecular explanation for the disruption of barrier function and 
development of proteinuria and kidney disease reminiscent of 
FSGS in CD2AP knockout mice. 

There are precedents that the adherens junction contributes 
to the barrier function of epithelial and endothelial cells in 
knockout mouse models. Knockout of E-cadherin in the skin 
had been shown to result in the loss of permeability barrier 
of the epidermis, leading to dehydration of the animal (Tunggal 
et al., 2005). In addition, triple knockout of the EVL family 
members, which regulate actin polymerization at the adherens 
junction, led to a dramatic leakage of the endothelial barrier of 
the blood vessel (Furman et al., 2007). Our study provides fur- 
ther evidence that the adherens junction and its associating actin 
dynamics play very important roles in the maintenance of epi- 
thelial tissue integrity to defend the permeability barrier. 

Our results implicate CD2AP in the maturation of epithe- 
lial junction, which is consistent with the findings that CD2AP 
expression is up-regulated during mesenchyme-to-epithelium 
transitions (Jansson et al., 1997). By stabilizing actin at the 
adherens junction, CD2AP plays an important role not only 
in cell-cell adhesion but also in the development of epithelial 
characteristics such as suppression of cell migration. As stabi- 
lization of actin at the adherens junction suppresses cell migra- 
tion, destabilization of actin is associated with increased actin 
dynamics, resulting in enhanced cell migration during epithe- 
lium-to-mesenchyme transition and cancer metastasis (Ghosh 
et al., 2004; Wang et al., 2007). Therefore, regulating actin stabil- 
ity at the adherens junction is a potential way to modulate the 
strength of cell-cell adhesion as well as epithelial cell behaviors 
without destroying the entire cell-cell contact. Our observation 
is consistent with others that CD2AP regulates junctions and 
cytoskeleton dynamics during tissue patterning (Johnson et al., 
2008). The rich interplay of actin regulators at the adherens 
junction reflects the complexity of epithelial dynamics (Fig. 10). 
Regulation of actin polymerization, stability, and depolymer- 
ization locally at the adherens junction dramatically influences 
junction dynamics, which ultimately dictates the strength of ad- 
hesion, influences cell motility, and contributes to the ability of 
epithelial cells to withstand mechanical stress and defend tissue 
integrity and barrier function. 



of cells transfected with CD2AP shRNA. (c) Time-lapse images of phase-contrast microscopy showing cells tearing away (red arrowheads) from each 
other within a monolayer of cells transfected with CD2AP shRNA. (d) BSA flux assays showing similar monolayer permeability between parental, CD2AP 
knockdown, and a-actinin-4 knockdown cells, (e) Occludin localization at the tight junction is normal in CD2AP knockdown cells, (f) Logistics of applying 
mechanical stress at intercellular junctions for the analysis of epithelial cohesion, (g] A pressure chamber apparatus that con generate hydraulic pressure 
across a cell monolayer to induce stress at intercellular junctions, (h) Pressure chamber apparatus is attached to a syringe for pumping fluid and a pres- 
sure gauge to monitor applied pressure. Transwell supports were held in position during pressure application by lids and screws at the top. (i) Schematics 
for the operation of the pressure chamber apparatus. Buffer is pumped through channels connecting the basal chambers to produce hydrostatic pressure, 
(j] Permeability assays showing increased tracer flux with increasing applied hydrostatic pressure to MDCK monolayers, (k) Permeability assays showing 
a low tolerance level and decreased resilience to mechanical stress in CD2AP knockdown cells. (I) Permeability assays showing greater increases in tracer 
permeability in CD2AP knockdown cells than in parental cells after mechanical stress, (m) E-cadherin localization at the cell-cell junction of MDCK cells 
showing intact monolayer after mechanical stress, (n) E-cadherin localization at the cell-cell junction of CD2AP knockdown cells showing holes (asterisks) 
in the monolayer after mechanical stress. All error bars indicate standard errors. 



CD2AP regulates junctional actin at thie adhierens junction • Tang and Brieher 



Oh 



5h 



lOh 



- •Aoo um 


: a 

>©■ ■ 


i;.'- , ■ > A^' 

■ 










re > ^' 




2d post-confluent 


4d post-confluent 


6d post-confluent 








i 

o-ioh ''^■■M 


0-1 Oh 1' 


0-1 Oh * 
















Monolayer maturation 
inhibits migration 



12 



. 10 



<u 

to 

o 



n3 , 



6 - 



-Illlilillll. 



□ □ar,°D □□□□ 



Parental 
2d post- 
confluent 



Parental 
4d post- 
confluent 



Parental 
6d post- 
confluent 



0-1 Oh a CD2AP 



2d post- 
confluent 



CD2AP KD 
maintains migration speed 




0-1 Oh 4 CD2AP 



1 d post- 
confluent 



ShCD2AP 
2d post- 
confluent 



ShCD2AP 
4d post- 
confluent 



ShCD2AP 
6d post- 
confluent 



Wound edge - 18 hours post-wounding 



Actin 


Actin 


|HH|fl 


MDCK-CD2AP 2d post-confluent 



Exogenous CD2AP 
inhibits cell migration 



Actin 








MDCK-wt 


A 

4d post-confluent 




n 1 100 um 
6d post-confluent 




Parental CD2AP CD2AP 
2d post- 1 d post- 2d post- 
confluent confluent confluent 



Figure 9. CD2AP suppresses cell motility and wound-induced cell migration, (a) Time-lapse phase-contrast microscopy showing migration of CD2AP 
knockdown cells into free space, whereas parental MDCK cells are relatively stationary, (b] Time-lapse phase-contrast microscopy showing wound-induced 
migration of 2 d postconfluent MDCK cell monolayer, (c) Quantitation of migration speed in MDCK cells showing decreased migration rate as a function 
of time (P < 0.0001). Representative data from three separate experiments (n = 3) ore shown, (d) Line tracings of wound edge at 1-h intervals showing 
a decrease in migration rates of parental but not CD2AP knockdown cells at 4 and 6 d postconfluency (4 d and 6 d). (e) Line tracings of wound edge 
at 1-h intervals showing suppression of wound-induced migration of cells expressing exogenous CD2AP at 1 and 2 d postconfluency. (f) Quantitation of 
migration speed in CD2AP knockdown cells showing a lack of suppression in wound-induced migration after confluency. Representative data from three 
separate experiments (n = 3) are shown, (g) Actin (phalloidin) staining showing correlation of cell migration with wound-edge protrusions (white arrowheads). 
Protrusions were suppressed in 4 d and 6 d postconfluent parental cells and cells expressing exogenous CD2AP (h) Quantitation of migration speed showing 
suppression of wound-induced migration in 1 d and 2 d postconfluent cells expressing exogenous CD2AP (P < 0.0001). Representative data from three 
separate experiments (n = 3) are shown. 
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Figure 1 0. A relationship between actin accumulation at the molecular level, adhesion strengthening at the cellular level, and epithelial cohesion at the 
tissue level. Actin accumulation at the adherens junction is a balance of actin polymerization, stabilization, and depolymerization. Actin polymerization 
at the adherens junction requires the coupling of actin nucleation by the arp2/3 complex, actin elongation by EVL, and actin assembly by a-actinin-4. 
Thus, junction actin assembly is not simply a product of actin polymerization but resulted from the coordinated spatial and temporal coupling between an 
actin assembly process and a nucleation/polymerizotion reaction at the adherens junction. After actin is assembled, filament barbed ends are capped 
by CD2AP. Stabilization of actin by CD2AP contributes to strengthening and maturation of adherens junctions, leading to suppression of cell motility and 
increase in resilience of epithelial sheet to mechanical stress. Orange boxes represent this work. Red boxes represent work using the same biochemical 
reconstitution system. 



Materials and methods 

Antibodies and reagents 

Antibodies to a-actinin-4, rodixin, and EVL were raised in-house against 
6-His-tagged recombinant full-length human proteins expressed in Rosetto 
cells. Antibodies to E-cadherin were made in-house from hybridoma RRl . 
Antibodies to a-actinin-4 (catalog no. 49333), (3-catenin (catalog no. 7963), 
CD2AP (catalog no. 9137), and vinculin (catalog no. 7649) were pur- 
chased from Santa Cruz Biotechnology, Inc. Secondary antibodies were 
obtained from Bio-Rad Laboratories (fHRP anti-rabbit), Invitrogen (FITC and 
Cy3 anti-mouse, FITC and Cy3 anti-rabbit, Alexa Fluor 488 anti-mouse, 
Alexa Fluor 568 anti-rabbit, and Alex Fluor 647 anti-goat), and Electron 
Microscopy Sciences (colloidal 6 nm gold anti-rabbit). Tetromethyl-rhodamine 
N-succinimidyl ester, rhodamine green N-succinimidyl ester, tetromethyl- 
rhodamine maleimide, and pyrene moleimide were purchased from Invit- 
rogen. Cross-linker sulfo-NhlS-SS-Diozirine (sulfo-SDAD) was purchased 
from Thermo Fisher Scientific. Reducing agent Tris(2-carboxyetheyl)-phosphine 
hydrochloride (TCEP) was purchased from Thermo Fisher Scientific. Vita- 
min D-binding protein (GC-globin) was purchased from EMD Millipore. 
Alexa Fluor 647, Alexa Fluor 350-phalloidin, and Alexa Fluor 647- 
pholloidin were purchased from Invitrogen. FITC-lobeled dextrons (4 kD 
and 70 kD) were purchased from Sigmo-Aldrich. Leupeptin, Pefabloc, E-64, 
ontipain, aprotinin, bestatin, and calpain inhibitors I and II were purchased 
from A.G. Scientific, Inc. 

DNA constructs 

Full-length human a-actinin-4 tagged with 6-His at the N terminus cloned 
into pET30a4- bacterial expression vector was used for protein expression as 
described previously (Tang and Brieher, 2012). The coding sequences of 
human CD2AP, C-CD2AP truncation mutant (aa 35 1-639), human radixin, 
and EVL were subcloned into the bacterial expression vector pET30a-t- (EMD) 
for expression in Rosetto cells (EMD). Full-length CD2AP was subcloned 
with G41 8-selectable mammalian expression vector pNTAPB (Agilent Tech- 
nologies) with a streptovidin-binding peptide tog at the N terminus for 
expression in MDCK cells. shRNAs for CD2AP (5'-TCAACACCTTCAAGT- 
GCTTCG-3') and scramble shRNA were synthesized and subcloned into 
puromycin-selectoble pRS vector (OriGene). 

Protein purification 

Recombinant a-actinin-4 was prepared as described previously (Tang 
and Brieher, 2012). In brief, for expression of recombinant 6-hlis-tagged 



a-actinin-4, actin-binding domain, and K255E, Rosetto cells were induced 
with 500 \iM isopropyl (3-D-l-thiogalactopyranoside for 8 h at 25°C. Cells 
were centrifuged at 6,000 g for 1 5 min and resuspended in 20 mM NoCI, 
20 mM Hepes, pH 7.8, in the presence of 5 mg/ml of lysozymes. After a 
freeze/thaw cycle, lysed cells were centrifuged at 20,000 g for 30 min. 
The supernatant was loaded onto a nickel column (QIAGEN). The column 
was washed with 20 bed volumes of 500 mM NoCI, 25 mM Imidazole, 
and 20 mM Hepes, pH 7.8. The recombinant proteins were eluted with 1 0 
bed volumes of 500 mM NoCI, 500 mM Imidazole, and 20 mM Hepes, 
pH 7.8. Full-length proteins were concentrated using centricon (EMD Mil- 
lipore) and purified by gel filtration in 150 NaCI, 20 mM Hepes, and 
10 mM p-mercaptoethonol. For expression of recombinant 6-His-tagged 
CD2AP, C-CD2AP, EVL, and radixin, Rosetto cells were induced with 500 pM 
isopropyl (3-D-l -thiogoloctopyronoside for 4-8 h at 25°C and lysed by 
a freeze/thaw cycle. Recombinant proteins were purified using nickel resin 
followed by Superdex 200 gel filtration (CD2AP and C-CD2AP), Q HP ion 
exchange (radixin), and S ion exchange (EVL) columns. Actin was labeled 
on lysine residues using N-hydroxysuccinimide-octivoted fluorophores 
(Invitrogen). a-Actinin-4 was labeled on cysteine using maleimide-octivated 
fluorophores or derivatized with sulfo-SDAD. Labeled proteins were sepa- 
rated from free dyes or cross-linker by gel filtration using Superdex 200 
(GE Healthcare). Recombinant cofilin was purified as described previously 
(Mociver et al., 1998). In brief, BL21-DE3 cells were induced with 500 pM 
isopropyl p-D-l-thiogoloctopyranoside for 3 h at 25°C and lysed with 
1 mg/ml lysozyme and a freeze/thaw cycle. Recombinant proteins were 
purified using DEAE followed by Q HP ion exchange columns. Recombinant 
human CapZ (a and (3) was mode in Rosetto cells by induction with 500 pM 
isopropyl (3-D-l-thiogalactopyranoside for 3 h at 25°C followed by lysing 
the cells and a freeze/thaw cycle. Recombinant proteins were purified 
using S HP followed by Sephadex gel filtration columns (Sigmo-Aldrich). 

Actin assembly and reconstitution assays 

Purification of junction-enriched membranes was prepared as described 
previously (Tang and Brieher, 2012). In brief, frozen rot livers (Pel-Freez) 
were thawed in 2 volumes of 1 0 mM Hepes, pH 8.5/1 0 mM DTT. Protease 
inhibitors (see above) were added and the livers were briefly blended in a 
blender (Waring; 5 x 15 s). The liver slush was filtered through four layers of 
cheesecloth to obtain the total liver homogenate. Total liver homogenote was 
centrifuged at 1 ,000 g for 30 min. The pellet was homogenized in 1 0 mM 
Hepes, pH 8.5/10 mM DTT in a homogenizer (Dounce) and centrifuged at 
1 00 g for 30 min. The supernatant was collected and centrifuged at 1 ,000 g 
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for 30 min. The membrane pellet contains the majority of actin assembly 
activity and is used for all membrane experiments. 

Actin assembly assays were performed in actin assembly buffer 
(50 mM KCI, 2 mM EGTA, 2 mM MgCL and 100 mM Hepes, pH 7.8) 
supplemented with 2 mM of buffered ATP, pH 8. In brief, a 20-pl reaction 
consisting of ~15 \ig of total proteins from the membrane fraction and 
0.5 pM of fluorescently labeled monomeric actin was allowed to carry out 
at room temperature for 30 min. For reconstitution assays, purified mem- 
branes were stripped with high salt (500 mM NaCI, 2 mM MgCl2, 2 mM 
EGTA, 20 mM Hepes, pH 7.8, and 10 mM DTT), TX-lOO, or CHAPS (in 
50 mM NaCI, 2 mM MgCb, 2 mM EGTA, 20 mM Hepes, pH 7.8, and 
1 0 mM DTT] on ice. Stripped membranes were collected by centrifugation 
through a 20% sucrose cushion at 10,000 g for 10 min. Purified proteins 
(CD2AP, EVL, and a-actinin-4) were allowed to bind to native or stripped 
membranes for 1 h at room temperature. Unbound proteins were removed 
by spinning membranes through a 20% wt/wt sucrose cushion at 1 0,000 g 
for 1 0 min. The final reconstitution reaction consists of ~8 pg of total pro- 
tein from stripped membranes, 0.5 pM fluorescently labeled actin, and pu- 
rified proteins (CD2AP, EVL, and a-actinin-4), and was performed at room 
temperature for 30 min. The membranes were imaged using a light micro- 
scope (Axio Imager) with the Colibri illumination system (both from Carl 
Zeiss] using a 63x objective lens (NA 1.4] attached to a 1,000 x 1,000 
charge-coupled device camera (ORCA-ER; Hamamatsu Photonics). Quan- 
titation of actin puncta intensity was performed in ImageJ (National Insti- 
tutes of Health) using unprocessed original images. A defined area (6x6 
pixels) was used to measure the signal intensity of actin fluorescence. The 
measured intensities were subtracted from background before being used 
for calculation of the intensity ratios. 

Negative-stain electron microscopy and immunogold labeling 

For visualizing actin assembly, membrane reactions were performed as 
above before processing for electron microscopy. For immunogold label- 
ing of MDCK plasma membranes, cell homogenates were prepared as 
described previously (Tang and Brieher, 201 2). In brief, MDCK cells were 
rinsed and hypo-osmotically shocked on dish in 10 mM Hepes, pH 8.5, 
for 60 min at 4°C. Cells were scraped and homogenized on ice through 
a 25G needle in 10 mM Hepes, pH 8.5, in the presence of 10 mM DTT 
and protease inhibitors (10 pg/ml Leupeptin, 1 mg/ml Pefabloc, 10 pg/ml 
E-64, 2 pg/ml antipain, 2 pg/ml aprotinin, 50 pg/ml bestatin, 20 pg/ml 
calpain inhibitors I, and 10 pg/ml calpain inhibitor II). Actin assembly 
reactions were allowed to continue for 10 min before incubation with 
anti-a-actinin-4 antibodies for 2 h on ice. For immunogold labeling of 
junction-enriched membrane, membranes were treated with 0.27o TX-lOO in 
actin assembly buffer on ice for 1 h, spun through a 20% sucrose cushion 
before incubation with anti-a-actinin-4 antibodies for 2 h on ice. Unbound 
antibodies were removed by spinning membranes through a 20% sucrose 
cushion before incubation with 6 nm colloidal gold anti-rabbit antibodies 
for 2 h. Unbound gold antibodies were removed by spinning membranes 
through a 20% sucrose cushion before processing for electron microscopy. 
Membrane reactions were put onto glow-discharged carbon-coated grids 
for 10 min, washed three times with assembly buffer, and stained with 
2% uranyl acetate. Images were collected with a microscope (2100EX; 
JEOL) at 120 kV using a 2,000 x 2,000 charge-coupled device camera 
(UltraScan; Gatan, Inc.). For figure generation, images were cropped, con- 
trasted, and scaled using Photoshop software (Adobe) before importing 
into Illustrator (Adobe). 

Bai^based cross-linking and mass spectroscopy 

Cross-linking was performed with a heterobifunctional cross-linker, succin- 
imidyl-diozirine, that allows a controlled two-step cross-linking reaction using 
succinimidyl-based chemistry combined with diazirine-based photochemistry. 
We covalently attached the cross-linker to recombinant 6-His-tagged a-actinin- 
4 by selectively activating the succinimidyl functional group. The deriva- 
tized a-actinin-4 was used as "bait" for binding to membranes that had 
been pretreated with high salt to remove endogenous a-actinin-4. Unbound 
a-actinin-4 was removed by spinning the membranes through a 20% su- 
crose cushion at 10,000 g for 10 min. The membranes were resuspended 
in actin assembly buffer and placed under UV to activate the diazirine 
functional group. The cross-linked a-actinin-4 complexes were solubilized 
in boiling 2% SDS and centrifuged at 1 6,000 g to remove insoluble materi- 
als. The supernatant was diluted to a final concentration of 0.2% SDS in 
1 % TX-1 00 and incubated overnight with nickel resin (QIAGEN). The nickel 
resin was washed with 20 bed volumes of 0.5% TX-1 00 in 20 mM Hepes, 
pH 7.8, and the cross-linked a-actinin-4 complexes were eluted with 5 
bed volumes of 0.5% TX-lOO in 500 mM imidazole and 20 mM Hepes, 



pH 7.8. The cross-linker was cleaved by dialysis of the eluate against TCEP 
for 24 h at 37°C. Cleaved products were separated by SDS-PAGE. Distinct 
protein bands were excised from a Coomassie-stained gel and submitted 
for mass spectroscopy analysis at the University of Illinois Roy J. Carver 
Biotechnology Center. 

Pyrene-octin polymerization assay 

Pyrene-actin polymerization/depolymerization was monitored in 96-well 
plates by fluorescence dequenching/quenching of pyrene (excitation 
365 nm; emission 410 nm) upon initiation of actin polymerization/depoly- 
merization in the absence or presence of arp2/3, octA, EVL, CD2AP, and 
vitamin D-binding protein with SpectroMox M2 (Molecular Devices). 

Single filament imaging 

Perfusion chambers coated with filamin and blocked with casein were used 
to capture actin filaments for imaging. For two-color imaging, rhodamine 
actin was flushed into the perfusion chamber, allowed to polymerize for 
30 s, and flushed out with actin assembly buffer. Samples were then incu- 
bated with or without 1 pM CD2AP or C-CD2AP for 90 s and rinsed twice 
with actin assembly buffer, followed by flushing in rhodamine green-actin 
and polymerization for 30 s. Unpolymerized actin was flushed out, and 
a photo buffer (Brieher et al., 2006) was flushed into the chamber be- 
fore imaging. For actin depolymerization imaging, rhodamine-actin was 
allowed to polymerize for 90 s in the perfusion chamber, rinsed twice in 
actin assembly buffer, incubated with or without 1 pM CD2AP, and rinsed 
twice with actin assembly buffer, followed by imaging in photo buffer. 
Images were collected at room temperature with a light microscope (Axio 
Imager) using AxioVision release 4.7 software with the Colibri illumina- 
tion system using a 63x objective lens (NA 1.4) attached to a 1,000 x 
1,000 charge-coupled device camera (ORCA-ER; Hamamatsu Photonics). 
For figure generation, images were cropped, contrasted, and scaled using 
Photoshop software before importing into Illustrator. 

F-octin spin down 

1 0 pM actin was polymerized for 2 h in the absence or presence of 5 pM 
CD2AP and 1 pM a-actinin-4. F-actin was centrifuged at 200,000 g for 
30 min. 

Cell culture and transfection 

MDCK cells were maintained in MEM/Eorle's balanced salt solution supple- 
mented with 25 mM Hepes and 10% FBS. For transfection, MDCK cells 
were incubated in Opti-MEM (Invitrogen) with a 1 :1 mixture of DNA/poly- 
ethylenimine and selected for 1 0 d using puromycin. Total cell lysates were 
obtained by solubilization of cells directly in SDS-PAGE sample buffer con- 
taining 25 mM dithiothreitol, 2% SDS, 50 mMTris-CI, 5% glycerol, pH 8.8, 
and protease inhibitors (1 0 pg/ml Leupeptin, 1 mg/ml Pefabloc, 10 pg/ml 
E-64, 2 pg/ml antipain, 2 pg/ml aprotinin, 50 pg/ml bestatin, 20 pg/ml 
calpain inhibitors I, and 10 pg/ml calpain inhibitor II). 

Immunofluorescence and quantitation of junctional staining 

MDCK cells grown on Tronswell-Clear inserts (Corning) for 10 d were 
rinsed twice in Earle's Balanced Salt Solution and fixed in 1% formalde- 
hyde/150 mM NaCI/20 mM Hepes, pH 7.8, at 4°C for 2 h. The reaction 
was quenched with 50 mM Tris in staining buffer (0.1% TX-1 00/1 00 mM 
NaCI/20 mM Hepes, pH 7.8) for 1 h. After rinsing in staining buffer, the 
cells were incubated with primary antibodies in staining buffer overnight. 
After rinsing in staining buffer three times, the cells were incubated in second- 
ary antibodies for 90 min. The cells were rinsed again three times, and 
poststain fixed with 1% formaldehyde in staining buffer. Finally, the cells 
were incubated with fluorescently labeled phalloidin for 60 min. Transwell 
filters were excised and mounted on glass slides using ProLong Gold anti- 
fade reagent (Invitrogen). 

Optical z slices in 200-nm steps were collected using a 60x objective 
(NA 1 .42), with a 1 .6x auxiliary magnification, with an inverted microscope 
(1X71; Olympus) attached to a 1,000 x 1,000 charge-coupled device 
camera (CoolSNAP HQ; Applied Precision). All images were obtained at 
room temperature using SoftWoRx DMS software (Applied Precision] and 
deconvolved by enhanced ratio deconvolution using 10 iteration cycles 
(Applied Precision). Z stock projections were generated from deconvolved 
slices using the maximum intensity criteria. Composite images were gener- 
ated using ImageJ software (Notional Institutes of Health). Quantitation of 
immunofluorescence intensity was performed in ImageJ using unprocessed 
original single optical z slice images token at the level of adherens junction. 
A defined junctional area was used to compare the fluorescence intensity 
of actin (phalloidin), E-codherin (immunofluorescence using RRl antibodies). 
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and CD2AP (immunofluorescence using N-terminal antibodies). The measured 
intensities were subtracted from background (cytoplasm) before being 
used for calculating the intensity ratios. For figure generation, images were 
cropped, contrasted, and scaled using Photoshop software (Adobe) before 
importing into Illustrator (Adobe). Correlation coefficient R was calculated 
using KoleidaGroph software (Synergy Software). 

Permeability measurement 

FITC-dextrons 70 and 4 kD were purchased from Molecular Probes. BSA 
was labeled on lysine residues using N-hydroxysuccinimide-octivoted rho- 
domine (Invitrogen) and purified by gel filtration using Sephodex S-200. 
Extracellular tracers (rhodamine-BSA, FITC-dextron 70 and 4 kD) were kept 
frozen until used. Thawed tracers were purified away from residual free 
dye using Sephodex 25G spin columns immediately before use. Permeabil- 
ity assays were performed as described in detail previously (Tang and 
Goodenough, 2003). In brief, 1 2-mm Tronswell supports were rinsed with 
50 ml of prewarmed flux buffer (145 mM NaCI, 2 mM CaCl2, 2 mM 
MgCb, and 10 mM Hepes, pH 7.4). The apical well was filled with 0.5 ml 
of flux buffer and the Tronswell supports were placed in a 12-well plate 
with 1 ml of flux media containing 3 fjM of labeled extracellular tracers. 
Flux was performed at 37°C for 2 h. At the end of the flux experiment, the 
apical solutions were collected and fluorescence was measured using a flu- 
orimeter. Permeability is the amount of tracer in the apical bathing solution 
(in micromoles) per unit driving force (basal molar concentration of tracer), 
per unit time (hours), per area of the monolayer (cubic centimeters). 

Hydraulic pressure application to cell monolayers 

Pressure chambers were fabricated from medical-grade stainless steel by 
the mechanical engineering machine shop at the University of Illinois at 
Urbona-Champaign. Tronswell filter cups were mounted onto pressure 
chamber, held in place against the lid using a screw and a top. Hydraulic 
pressure was applied to the basal compartment by pumping buffer into 
an O-ring sealed fluid-filled basal chamber while the apical compartment 
is exposed to ambient pressure. Sustained pressure was applied to cell 
monolayers for 5 min and monitored with a low-pressure gouge attached 
to the basal compartment. 

Cell motility assay 

For wound migration rotes, cells were plated at confluent density on glass 
coverslips. Wounds were made at 1 , 2, 4, and 6 d after plating with a razor 
blade. Wound-induced cell migration was imaged in a sealed chamber 
containing normal medio every 5 min for 1 2-1 8 h. Wound edge progression 
was measured at 20-pm intervals along the perpendicular axis of wound. 
Images were collected at room temperature with o light microscope (Axio 
Imager) using AxioVision release 4.7 with the Colibri illumination system 
using a lOx objective lens (NA 0.25) ottoched to o 1,000 x 1,000 
charge-coupled device camera (ORCA-ER; Homomotsu Photonics). For figure 
generation, images were cropped, contrasted, and scaled using Photoshop 
software (Adobe) before importing into Illustrator (Adobe). Wound edges 
were measured at 20 pm intervals along the perpendicular axis of the wound 
using ImageJ software (NIH). 

Online supplemental material 

Fig. SI shows Western blots of junction-enriched liver membranes untreated 
or treated with 0. 1 % TX-1 00 or 1 M KCI, showing differential extraction of 
CD2AP, vinculin, rodixin, and EVL. Fig. S2 shows that octin dynamics at the 
adherens junction involve complex borbed-end regulation. Fig. S3 shows 
Western blots of total MDCK lysote showing vinculin, a-cotenin, and ZO-2 
levels unchanged in CD2AP knockdown cells. Fig. S4 shows that MDCK cells 
express higher levels of CD2AP than CapZ. Fig. S5 shows that exogenous 
streptavidin-binding protein (SBP)-tagged full-length CD2AP is localized 
with total CD2AP at the junction. Online supplementol material is available 
at http:// www.jcb.org/cgi/content/full/jcb.201 304143/DCl . 

We thank Stephanie Sams and Sorvanand Potel for assistance with cell culture 
and protein purification. We thank Ambika Nadkarni and Hui-Chia Yu for the 
purification of EVL and CapZ proteins. The pressure chamber was built by the 
mechanical engineering machine shop at the University of Illinois, Urbana- 
Champoign. Deconvolution microscopy was performed at the Microscopy 
Facility in the School of Molecular and Cellular Biology at the University of Illi- 
nois, Urbona-Champaign. Mass Spectrometry and spectroscopy were performed 
at the RoyJ. Carver Biotechnology Center at the University of Illinois, Urbona- 
Champaign. Electron microscopy was carried out at the University of Illinois 
Frederick Seitz Materials Research Laboratory central facilities. 
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